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TECHNICAL NOTE NO. 674 -

SCAVENGING A PISTON-PORTED TWO~STROKE CYLINDER _ —

By A. R. Rogowskl and C. L. Bouchard - s —

SUMMARY : T

An investigation was made with a specially designed o
engine to determine the scavenging characteristics of a '
large number of inlet-port shapes and arrangemeénts and the
optimum port arrangement and timing for this particular
type of engine. A special cylinder construction permitted
wide variations in timing as well as In shapé and arrangs=
nent of both the inlet and oxhaust ports. : [

The study of the effect of port shape combinations - B
and timings on engine performance was mado using illumi- — '
nating gas as a fuol. Through variations in inlet-port
arrangemont and port timings, the wvalue of the scavenglmg ~
officiency was increased from an original 44 percent to
approximately 67 percont with a corrogponding increase in
power. With the optimum port arrangement and timing detor-
nined, a large number of poerformance runs were made under -
both spark-ignition and compression-ignition operation. =

e
INTRODUCTION LT e ==
With a view toward increasing the svecific output and .
simplifying the engine construction, much attention and -
work 1ls being devoted to the development of suitadble two-
stroke enzines for aircraft use. Since the output of a =
two~stroke englne is primarily dependent upon the scaveng-= T
ing efficiency of -its cylinders, the problem of success~  ~~———

fully developing an engine of this type 1s mainly one of

obtaining the most complete scavenging possible without
the use of a complicated mechanism or of excesslvely high
gcavenging pressures.

There are two goneral methods of scavenging the cylin-
der of the two~stroke engine, namely, the "through" scav-
enging ia which inlet and exhaust ports are at opposite
ends of the cylinder and the "loop" scavenging where inlet —
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and exhaust ports are at the same end of the cylinder. The

scavenging patterns of any two~gtroks engine may be clas-
sified under one of these catagories.

The through-—scavenged engine necessitates the use of
valve gear or double pistons. This method, however, per-
mite unidirectional flow of the combustion products and of
the scavenging air through the c¢ylinder. The loop-scav-
enged engline, on the contrary, requires neither valve gear
nor double pistons. It is necessary to scavenge this type
of cylinder by circulating the sir in the form of & loop
and, consequently, the scavenging air is much more likely
to mix wilth the burned gases, making it more difficult to
secure high scavenging efflciency.

Although the specific output -of the loap—sgcavenged
engine may never equal that of the through-scavengoed cen-—
gine, its inherent simplicity may outweigh this consider-
ation in certain applications, provided that its scaveng-
ing efficiency can be made sufficiently high. The piston-
ported engline lends itself particularly well to diesel op-—
eration because its lack of valve gear permits extreme
flexibility in cylinder—~head and combustlion-chamber design;
important factors in successful dlesel operation.

The purpose of this investigation was to determine
the vpractical limits of scavenging efficiency of a loop~
gscavenged cylinder, in order that its optimum performance
might be compared and its advantages properly welghed and.
balanced againgt the performance and_advantages of other
engine types. T —_

It is also the purpose of thlsg lnvegtigation to fur-
nish design data as to the arrangement and timing of the
ports that give best performance in the loop—~sgcavenged
eylinder. '

DESCRIPTION OF APPARATUS

Engine

The engine used for thisg investigation was a specielly
degsigned single-cylinder, water—cooled, piston-ported, two-

stroeke englne having a 4%-inch bore and a 6~lnch stroke.
It was mounted on a universal crankcase and was directly
connected to an electric cradle dynamometer. The engilne

incorporates three basic ideas, namely, variable inlet-port
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and exXhaust-port timings, variable port shapes, and varia-
ble comvpression ratio. The. 1nlet-wort tining may be var- N
ied during operation from 45° to 65° from bottom center i
and the exhaust from 55° to 80° from bottom center. The L
port shape is varied by fastening insgerts into the ports.
These inserts may be made to deflect the entering air or
charge at various angles toward the cylinder head. The

compression ratio may be changed by disvlacing the head )
axially in the cylinder slesve. : T s

.Figure 1 is an assembly drawing of the engine without
its crankecase. Figure 2 shows photographs of the actual
rarts assembled. The cylinder sleeve that contains the
ports is split longitudinally into two sections. One of
the sectlionsg containg eight inlet ports and the other, o
four exhaust ports. Flgure 3 ghows an inslide and outside
view of the sleeves. One pair of 30° inserts may be secn
in position in the inlet sleeove. Sleeves were independ— )
ently water-—cooled. P - ———=

Figure 4 shows various sections through the sleeves
and ports. Section D-D is taken through the inlet and ex~
haust ports. It will be noted that the eight inleft ports
are arranged so that their center lines intersect Sllghfly
off the cylinder axis. This port arrangement appeared,
from a study of the literature, to be the most promiging .
desigun. . . o -

FPigure 5(a) shows sections through the 0°, 30°, 45°, -
60°, and 70° inserts. Figure 5(b) is a photograph of the =
actual inserts. A pair of .inserts for one port consists
of an upper and a lower part. Each part is held in place
by a nachine screw. o

Two types of aluminum pistons were used, one having
a flat head and the other a slightly rounded head. Fig-
ure 6 is a arawing and figure 7 is a photograph of both
ristons. The flat-top piston was used a large part of - S —
the time while running on illuminating gas. The round- o
top piston was also used with illunminating gas to investi~ "~~~
gate the seffect of a change in piston shape on scaveng;pg.

A cast~iron head was used for spark-ignition opera- )
tion. This head was slightly concave, as may be seen from
the drawing in figure 8, An aluminum—alloy head, together .
with the round-top piston, was used for comnress*on— T T
ignition operation. (See fig. 9.) Figure lO(a) isa
photograph of the cylindor head with its pear~shaped com-
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bustion space. A combustion chamber of this ghape was
chosen in an attempt to obtain good spray distridution
with a minimum of obstruction to the flow of scavenging
air.

Auxiliary Apvaratus _ . e

Pigure 11 is a schematic lay-out of the eungine and 1ts
accessories as set up for spark=ignition operation on il-
luminating gas. PFigure 12 shows two photographs of the en-
gine set up for diesel operation. The fuel pump wlth its
controls and the injection-nozzle holder are plainly vis-
ible.,

Alr was supplied to the engine by a sevarately driven
compressor. The quantity of air was measured by & cali-
brated orifice box on the suction side of the pump. I1lwu-
minating gas from the city mains was compressed to intake
pressure by & separately driven Roots dlower. Gas flow
was measured both by a large industrlal gas meter and a
pitot-static flowmeter. The pitot~static flowmetesr was
-used to obtaln instantaneous readings of the gas flow and
the industrial gas meter was used to calibrate the pitot
tube.

For compression-ignition operation a standard Bosch
high~speed fuel-~injection pump wag used. The spray nozzle,
which was located at the avex of the heart-shaped combus-—
tion chamber (see fig. 10(a)), was a special Bagch nozzle
having three orifices, each 0.4 millimeter in ‘diameter,
located in a horizontal plane, and spaced 30° gpart.

Resonance was eliminated in the inlet and ‘sxhaust
systems by connscting the surge tanks tc the engine with
short lengths of large diameter pipe.

An M.I.T. balanced-pressure type indicator was used
to obtain pressure-time diagrams. - : '

Leakage of the entering mixiture down the plston to
the crankcase during that portion of the c¢ycle in which
the piston covered the lnlet ports, was eliminated by
keeping the crankcase at scavenging pressure. Leakage from
the gealed crankcase was negligible.

o)

alp



N.A.GC.A. Technical Note No. 674 5

Test Procedure

A summary of the various steps-taken in the test pro— o
cedure for the spark-~ignition engine wusing illuminating
gas l1g listed below: T

l. With several inlet-port shapes, runs were made
covering the sntire range of inlet—port and exhaust-vort
timings. I% was concluded from the results of these runs
that inlet-port shape had little effect on the optimum =~~~
inlet timing and even less effect on the optimum ethaust
timing, . LT T T

2+ The results having shown that the optimum exhaust~
port timing was not appreciadly affected by changes In the
inlet-port arrangements, the scavenging characteristics of
a large number of inlet-port arrangements were 1nvest1gated
at o fixed exhaust-port timing of 65° B.B.C. and at throeo
inlet~-vort timings. '

3. The results from (2) confirmed the obsorvations
of (1): that the optimum inlet-port timing was unaffected
by variations in inlet-port arrangements. Consecucantly,
an additional number of inlet~port arrangements were test-
ed under fixed inlot-port ond exhaust-—port tlmings 6? 470
and 659, respectively.

e ]

4. A complete set of inlet—-port and exhaust~norp_ -
timing runs was made using the optimum jinlet-port arrange-""'"
ment as determined from (1 (2), and (3).

5. With the conditions of opiimum port arrangement
and timing established, runs were made Lo determine bralke ~
mean effective pressure and scavenge pressure agalnst en=
gine speed at o constant scavenge ratio, constant scavenge
pressure, and with the scavenge pressure varying as the
square of the engine speed. Runs were alsoc made over a B
range of scavenge ratios. Since most of these rdms Wore -
made previous to those of (4), an inlet-port FTiming of 470__m_
based ‘on the data of (1), (2), and (3) was used ingtend of
520 which appears to be the optimum tining for nort ArTAENge~ )
ment, D. - B

6» With the optimum inlet-vort arrangeuent as previ- o
ously determined, runs.wvere made covering the inlet-port - =
and exhaust~port timing ranges to determine the optimum
timings under compression-ignition operation, -
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7. TWith the optimum inlet-port arrangement and tim-
ing, runs were made under compression-ignition operation
to determine brake mean effective pressure and spocific
fuel consumption against fuel rate over a ranEe of scav~
enge ratlos at constant engine gpeed. '

8. An investigation similar to that-under (7) was
made over a range of engine speeds at a constant scav-
enge ratio.

The engine conditions that wers held constant for
most of the work, are as follows:

Engine speed 1,800 r.p,.m.

Compression ratio ... 7 (spark ignition) and 15
(compression ignition)

Air-fuel ratio .... 4.4 (illuminating gas, best power)

Ignition timing ... 16° B.T.C.

Scavenge ratio .... l.4 ’

Fuel .u..vevesevevve.o. 1lluminating gas (spark igni-

tion)

fuel o1l (compression ignition)
The blower mean effective pressure was calculated as
follows, assuming adiabatic compression and a blower effi-
clency of 70 percent (see fig. 13):

Blowsr horsepower & . . . e T

=1l
J Cp T [<P2> B 1]
m . — £
p ‘i D,.

0.70 x 3000

Blower mean effective pressure . ) e e

) ISV S

n-l
n
Pg
mJCP Ti (:_D-: o= 1

0,7 L AN
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in whicﬁ: : _ - , .

m, pounds of alr per minute. N

"Jd, 778 foot pounds per B.t.u. IR T

Cp, specific heat of air at constant pressure,
0.235 B.t.w. per pound.

Ts;, blower inlet air temperature, SR, -

P,» blower delivery pressure.

pl, blower inlet pressurec. L
n, l.41. o
L, stroke, foet, of engine piston. )

A, engine piston area;'squarg inches.

N, r.p.m. of engine. N e

DISCUSSION AND RESULTS -

Spark Ignition ~ Illuminating Gas

The term Yscavenge ratio! as used in this work 1s the
ratio of the volume of charge (mixture of air and illumi-
nating gas under sperk-ignition conditions) or of air (un-
der compression~ignition conditions) that passes through
the engine. cylinder per stroke, to the displaced volume of
the eylinder. The volume of the entering charge is meas-
ured under atmospheric {laboratory) conditions of tempera-

ture and pressure. _ . o

The term "scavenging efficiency" is defined in this,
report as the ratic of the weight of fresh charge in the

eylinder at the close of the exhaust ports, to the product.

of the ecylinder volume and the inlet density.

Illuminatineg gas was chosen.as a fuel because it was
possible to mix it thoroughly with the accompanying air.
Thorough mixing of the fuel and alr is absolutely neces—~
sary when the relative scavenging.efficiency is to be de-
tormined from changes in brake mean effective pressure due
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to corresponding changes in inlet-nort arrangement. Poor
mixing of the fuel and air, as would be likely with a
liquld fuel, would affect the combustion process and hence
the thermal efficiency and power. Under these circum-
stonces, changes in the mean effective pressure with port
arrangement could not be taken as an indiecation of rela-
tive scavenging efficiency.

All runs under spark-ignition ocperation were made
uging illuminating gas as a fuel. Since the power obtalned
from a best power mixture of illuminating gas and air was
found from actual tests on a four~stroke C.F.R, engine to
be 85 vercent of that of a best power mixture of gasoline
and air, it is reasonable to believe that an increase of _.
15 percont in power would be posgsible in the two-stroke
engine by substituting gasocline for illuminating gas.

Although the method of determining the relative scav-
engling abilities of various inlet-port arrangements by
meansg of changes in the brake mean aeffectlive pressure is
straightforwvard and simple, it is a much more difficult
problem to determine the abgolute scavenging efficlency
under any one inlet-port arrangement. The value of an ab-
solute measure of scavenglng efficiency resides in the
fact that a theoretical 1imit of the scavenging efflciency
may be determined. If it is found that the existing op-
timum port arrangement yields a scavenging efficiency al-
most equal to this limit, further ressarch may be unnnecesg-
sary. The method omployed in determining the efficilency
of the scavengling process under the optimum port arrange-
ment and timing conditions will be briefly outlined.

As previously defined, the scavenging efficiency is
the ratio of the weight of fresh charge in theo cylinder
at the time the ports closec to the product of the total
cylinder volume and inlet density. 'The inlet density con-
ditions were arbiltrarily taken ag 75° F. and 29.92 inches
of mercury. Determination of the denominator of this ra-
tio is quite simple inasmuch as the total cylinder wvolume
and inlet density conditions are known. The numerator of— 7
the ratio, the actual weight of fresh charge in the cylin-
der at the close of the porits, may be determined if the
indicated output and the specific air consumption (pounds
of air per indicated horsepower par hour) are known.

In order to determine the wvalue of the specific alr
consumption when running on illluminating gas and air, and
at a compression ratic of 7, runs were made at best power

£
[

£

CELL _||Zf i
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fuel-air ratio and ignition timing on a four-stroke C.F.R,
engine at several engine speeds. The forogoing conditions
were made to reproduce as closely as possible those of the
optimum two-stroke operztion, in order that the indicated
thermal efficiency for the two cases would be as nearly
the same as possible, The calculations relative to the
forsg01ng discussion are included.

Actual indicated horsepower of the two—stroke engine:?
48,8,

The specific alr consumption as detormined from the
C.F.R. englne operating on illuminating gas: 5,85 pounds
of air per indicated horsepower per hour. :

The air actually consumed in the two-stroke engine

48.8 % 5,85
er stroke: s = 0,00264 und.
P roxe 1800 x 60 poune

Engine spesed: 1,800 r.p.m.

The number of pounds of alr in a full cylinder volume
'containlng the best power mizxture of illuminating gas and
air at 75° F, and 29.92 inches of mercury:

22222 yx 0,0742 x 228 - 0.00396 pound.

O i
Q

~Total cylinder volume in cubic inches: 111,3

Inlet density (75° F. and 29.92 in. Hg): 0.0742.

S air 4.8
Rati £ ( > by volume: ===,
avio o air + illuminating gas 7 5.8

Scavenging efficiency = %4%%52% X 100 =~§6.7 percent.

On the basisg of this definition of scavenging erffiw-
clency, it is evident that even though the cylinder were
completely purged of its burned products and it contained
only fresh charge under %the previously specified condi-
tions of inlet density, the charging ePficioncy would not%
be equal to 109 percent. The portion of the piston dis-
placement included between the bottom—center and the port-
closing positions is lost.

It is possidble %o méke an. estimate »f the maXinmpun
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practical scavenging efficlency attainable in this vpartic—
ular engine. This maximum value of the scavengling effi-
ciency will be reached when the exhaust gases are complete-
ly expelled and when the cylinder, at the time of port
closing, contains only fresh charges at atmospheric density.

_89.4
111.73

Maximum attalnable scavenging efficiency =

100 = 80.3 percent.

Total cylinder volume in cubiec incheg less the lost
cylinder volume (i.e., portion of cylinder volume contained
betweeon the bottom center and port closing Dosition of the
piston) = 89.4.

Total cylinder volume in cubic inches: 111.3.

Highest actual gcavenging efficlency obtained _ 0.667 % 100
Maximum attainable scavenging efficiency 0.803

83 percent.

An independent check on this ratio of the actual opti-
mum to the maximum attainable scavenging efficlency was
made. This check was based upon the assumption that the
ratio of actual to pogsible indicated mean effective pres—
sures ig equal to the ratlo of actual to possible gcaveng-—
ing efficiencies. The indicated mean effective pressure
obtalned under the actual optimum scavenging efficisency
conditionsg is known. The denominator of the ratio, the in-
dicated mean effective pressure that would be obtained if
all the burned gas were expelled and only fresh charge re-
mained in the cylinder, is the unknown quantlity. This
guantity was determined froem runs made on a four-stroke,
single~cylinder engine and under the same test conditions
as those of the two~stroke engine in order to keep the in-
dicated thermal efficiencies of both engines as nearly
equal as possible.

The problem of determining from a four-stroke engine
the maximum indicated mean effective pressure that could
be obtained from the two=stroke esngine is mainly one of
chargling the disnlacement volume of the four—stroke engine
with a fresh mixture of the same dengity as in the two-
stroke engine. In order to make the density conditions
equal, it ig necessary to know the temperature and the
pressure of the charge in each engine at, for example, the
start of compression. As a first approximation, it was
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assumed that the temperature of charge in both englines at
the start of compression was equal. The compression ratio
of the two engines was the same, and the compression pres-
sures of both engines were made equal by slizhtly Throt-
tling the four-stroke engine. Under these conditions the
charge donsity and indicated thermal efficiency of the two
engines would be egqual and the mean effective prossure
that the compressed charge was capable of delivering would
be constant whother in the combustion space of the two=
stroke or the four-stroke engine. Since the clearance
volume of the four-strokec engine was not scavenged, it is
necessary to multiply its indicated mean effective pres-—
sure by the ratio of total cylinder volume %0 displaced
volume. The value thus obtained will be the two-stroke
maximum attainable indicated mean effective vressure. The
ratio of the best actual indicated mean effective pres-
sure obtalned from the two-stroke engine to the maximum
attalinavle mean effective pressure will be the same as the
ratio of best actual to the maximum attainable scavenging
efficisncy.

This ratio ©vf the best actual to the maximum attain-
adle scavenging effliciency as calculated on the foregoing
basis 1s equal to 87 percent as compared with a ginilar
ratio of 85 percent on the four-gtroke engine. Since the
ratios are almost equal for both engines, the proportion
of burned products remaining in the cylinder of each en—
gine must be nearly the same. This being the case, the
increase in tempersturs of the fresh charge due to nixing
with the Dburned products must be approximately equal in
both engines and therefore the validity of the original
assumption of equal charge temperatures in both engines
at the start of compression is established.

The calculation of the probable maximum attainable
indicated mean effective pressure of the two-stroke engine
as determincd from the four-stroke engine is as follows:

The indicated mean effective pressure obtained from
the four-stroke engine running on illuminating gas with the
charge density and compression ratio equal to that of the
two-~stroke engine: 110 pounds per square .inch.

The probable maximum two-stroke indicated mean effec—~
7

tive pressure: 110 X 5 = 128.4 'pounds ber square.inch,
Ratio of total cylinder volume to the displaced vol—
7

tme s In both engines.
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Probable maximum two-stroke brake mean effective pres—
sure! 128 - 14 = 114,

Two-~gtroke friction mean effective nressure (motor-
ing): 14,

The highest actual two~stroke indicated mean effec~
tive pressure obtained when running on illuminating gas
and with the optimum (E) inlet-port arrangement: 112.1
pounds per square inch,.

Highest actual scavenging efficiency . 112,1
Maximum attainable scavenging efficiency 123.4

100 = 87,3 percent.

A comparison of the wvalues of the ratio of the actual
to the maximum scavenging officiencios as determined from
both mothods shows that they agree reasonably well, the
first method giving a value of 83 percent and the second
87 percent. It msy therefore be briefly restated that the
best actual scavenging efficlency cbtained under spark-
ignition operation at 1,800 r.p.m. was about 66.7 percent
or approximately 85 pvercent of perfect scavenging for this
engine.

Determination of the optimunm inlet-port arrangement.-
With all the engine conditlons held constant, the effects
of more than 30 inlet-port arrangements on the relative
scavenging efficlency were investigated. Flgure 14 ig a
plot of brake mean effectlve pressure and scavenging pres-
sure against inlet—-port timing for five typical port ar-
rangenents. The positions of the curves with respect to
one another may be taken as an indication of the relative
scavengling abilities of each vport arrangemont.

A numbvering system was found to be the most conven-
ient method of designating the inlet~port arrangements.
In figure 15 showing & section throusgh the ports, the num-
bers are located in each of the eight inlet ports. Each
cne of the symmetrically opposite pairs of inlet ports
bears the same number. As an example, assume that the
number 4 vorts are fitted with 60° inserts, the number 3
ports with 45° inserts, and the number 2 and 1 sets of
vorts with 0° ingerts. This port arrangement would then be
described by the following group of numberss 0~0-45-60-
60~45-0~0, The numbers represent the insert angles and
their positions correspend to vort positions.
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In figure 14 the capital letters opposite each of the
five curves ronrcsent tae following inlet-port arrange-
menbts.,

INLET PORT HUMBERS

1 2 3 4 4 3 2 1
N\

72 ] .
B |4 |45 45 45 45 45 45 45 45
3 -
% B 0 0 0 0 0 0 0 0
g [ 0O 30 45 60 60 45 30 0
i
B {ol|l o 0 0 80 60 o 0 o L
=
—~

B2 || o 0 O 60 60 0 0 0 L

lThe top sections were loft out of the aumber 1 and
2 palrs of inserts.

2Ths top sections woere loft out of the number 1, 2,

and 3 pairs of inserts, and the lowor sections of

the same inserts were cut down 1/8 inch %o increass
the air-flow area., Thig condition brought the lower
port surface flush with the top of the piston at bot-
tom dead centor and best inlot timing.

The & irnlet-port arrangement of figure 14 represents
the lowest broke mean effective vressurs. This low value
regults from the noor scavenging obtained on account of
the direction of the entire entering charge which 1s at an
angle of 459 toward the cylinder head. Curve B indicaté?
that the 0° inserts are much more effective in scavenging ;
- the cylinder than are the 45° inscrits.

" In order further to increase the scavenging efficien-
cy, and hence the outpvut, it was found nocoessary to use
nixed port arrangements. The most successful of the many
nixed ports investigated were the O, D, and Z arrangements.
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The C and D arrangements show up very well on the basis of
net and gross brake mean effective pressure, In the D ar-
rangement the tops were removed from the number 1 and 2
pralrs of ingerts, which allowed these two pairs of ports a
30 opening lead and so gave the charge entering these ports
a start over the other ports.

The E port arrangement was tried at a late period dur-
ing the investigation; in fact, only after the various
speed and scavenging ratlo runs were completed with the D
port arrangement., The E asrrangement wasg the optimum, on
the basig of scavenging efficiency and power output of all
the 30 odd arrangements investigated. Many modifications
of the E arrangement were tried and several of these re-
sulted in mean effective prossures very nearly as high as
those obtalined with the E arrangement.

Although the limit of improvement 1in scavenging effi-
cioncy with inlet-port arrangement in thils engine appears
to have been reached, it is belioved that a study of tae
flow conditions as viewed through the transparent cylinder
of 5 flow model exactly similar to thoe actual engine cyl-
inder in size and shave may readily reveal the possidbllity
of a further increase in scavenging efficiency over the
best values obtalned thus far,

Inlet-port and ouvxhaugt-port timings.— It is usually
assumed that the exhaust port should open sufficiently
ahead of the inlet port so that the cylinder pressure will
drop to the scavenge pressure or lower before the inled
opens. Considering the inlet timing to ne fixed, it 1is not
surprising to find that an exhaust opening which gives scav-
enge pregsure in the cylinder at the time of inlet opening,
z2ives less power than one with a slightly later exhaust
opening. The later exhaust opening results in both a hlgher
expansion ratio and a gmaller losg of fresh charge into the
exhaust. If o constant scavenge alr quantlty 1s supplied
to the cylinder, in the case of late sxhaust opening, the
slight additional losses due to higher gcavenge pressure
and to slightly greater mixing of the exhaust gases and the
fresh charge will not equal the gain from the decreased
blow~down loss until the cylinder pressure at the time of
inlet opening 1s somewhat larger than the scavenge pressure.

It is surprising to note (fig. 16) how great an excess
of cylinder pressure over scavenge pressure exists with the
best power timing. Under these conditions, considerable
exhaust must enter the inlet system and later be blown back
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into the cylinder with the fresh charge. Tests showed
that dlesel operatlion required an earlier exhaust opening
for best power., Figure 17-is an indicasor diagram for
dicsel oporation at the bést power timing.

The eoffect of inlet—port and exhaust-port timing on
brake mean effective pressure and scavenge pressure may be
seen from figures 18 and 19, respectively. Although the
grosds brake megn effective pressure increases uniformly
- with a late exhaust-port opening, the scavenge pressure
algo increases in order to maintain a constant scavenge
ratio of l.4. Consequently, the net brake mean seffective
Pressure shows consideradly less change with exhaust tim-

lllg- T

The curves of brakxe mean effective pressure against
inlet—-vorst timing (fig. 12) peak at an inlet opening of
avproximately 52° before bottom conter, which is the op—
tinum inlet-vort timing. In the determination of the op-
timum exhaust-port timing, consideration must be given to
the scavenge pressure as well as to the brake mean effec-
tive pressure.. : -

It being desirabls %o keep the scavenge pressure as
low as nossible, an exhaust opening of 65° B.B.C. was
chosen-as optinum, . .

Brake mean effective vpressure against engine speed.-
& first glance at the curves in filgure 20 would lead one
to suspect that Tosonance in the inlet or exhaust systems
was the cause of the peoaks in the mean-effective-~pressure
curves. The scavenge ratio was held constant throughout
the range of speed investigated, however, and the pres-
ence of peaks in the mesgn-sff ect1ve~pr0°suro curves there~
fore cannot be attributed to resonance.

It is quite possible that at the engine speeds corre-
sponding to peaks in the curves of mean effective pres—
sure, the time~opening characterlstic of the inlet ports
may be such as to promote a nore efficlient scavenging
process. : '

Figure 21 shows the effect of engine speed on the
gross and net brake mean effective pressureswith the scav-
enge pressure held constant at 11.8 inches of mercury.

The scavenge ratio decreases steadily with increasing en-
-gine speed, but the curve ig gquite smooth and shows no in-

dication whatsoewor of resonance. . , e =
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Filgure 22 ig another set of speed runs in which the
increase in scavenge pressure was made proportional to
the square of the engine speed. It is notable that al=-
though the scavenging ratio decreases from 1,200 to 1,900 o
rePeMe, the gross mean effoctive pressure increases, show-
ing an improvement in scavenging. This result is undoubt—
edly ‘due to the fact that the port timing and arrangement
were selected for 1,800 r.p.m. A different port timing
and perhaps a different arrangement would be necessary to
glive the best mean effective pressure at, say, 1,200 r.p.m.
The lack of wide fluctuations in the mean effective pres-
sure and the gcavenge~ratio curves confirms the foregoing
conclusgion that the set-up is so made that regonance effects
are small,

Brake mean effective pressure and scavenge pressure -
against scavenge ratio.- Figure 23 shows the effect of an
lncrease in scavenge ratio on the brake mean effective and
gscavenge pressures. The lilncreaso in *the mean effective
vressure with scavenge ratio is due principally to an im-
provement in scavenging. At relatively high values of
scavenge ratio, the effect of supercharging, that 1g, of
increaged pressure at the time of exhaust closing, becomes
significant. The previously determined limit to the brake .
mean effective pressure obtained with maximum attainabdle _ _
gcavenging efficlency was 128 -~ 14 = 114 pounds per square .
inch. The brake mean effectlve pressure of an actual en-— R
£ine might be expected to approach thisg value as the
gcavenge ratio is indefinlitely increased. Reference to
figure 23 shows that 114 pounds per square inch appears
to be a reasonable value for an asymptote of the gross .
mean~-effective-pressure curve,

The effect of combusfion~chamber and pigton~head
shape on scavenging.~ In order to investigate the effect

of combustion~chamber shape on the scavenging process,

several runs were nmade with illuminating gas using the
compression~ignition cylinder head (fig. 10). TUnder conw

stant operating conditions, power readings were taken with

the cylinder head located in its normal position and then

turned 90° and 180° from its normal position. Rotation of

the head in this manner vlaced 'the pear-shaped combustion -
space at various angles to the flow of scavenglng charge.

The mean effective vressure, and hence the scavenging,

was unaffected by these changes.

The effect on scavenging of a vpiston having a slight-
ly rounded head (figs., 6 and ?7) was also investigated.
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The round-top piston showed a slight improvement in scav-
enging and mean effoctive pressure over the flat-tov
Piston. The increase in brakec measn effective pressure
amounted to approximately 3 or 4 percent.

Gompression Igﬁition

The E inlet-vort arrangemert was used throughout tho
investigation of coumpression~ignition performance on the
assumption that the inlet-port arrangement giving the most
satigfactory scavenging under spark-ignition conditions
would still be the ‘optinmum arrangement under compression-
ignition operation,

Figure 24 is a set of curves of bralke mean effective
bregssure against fuel rate a}t varions seavenge ratios.
It is interesting to note that the brake mean-effective-
bressure curvesg lie closcely %o one another in the region
of low power, where therec is an excess of air in the ecyl-—
inder at all scavenge ratios. As the fuel rate is in-
creased, however, the curves diverge as is %o be expocted
since, at high percentages of air, scavenging is mors com-
pPlete and hence more oXygen is available for combustion.

The fact that the mininun poiats of the fuel~consump~
tion curves occur.nt lizht loads indicates that .there is
opportunity for considerable improvement in combustion-—
chamber design. Here agoin the values of minimum fuel
consumption differ only very slightly from one another for
the various scavenging ratios. At increasing loads the
low scavenging ratios show g aigher gpecific fuel consump-—
tion owing to less complete combustion as & result of pooT-
er cylinder scavenging or fuel-air mixing.

Figure 25 is a similar set of curves in which fuel-
rate runs were made at various. speeds. In thils case the
scavenge ratio was held constont at le4. These curves in-
dicate that the maximum gross mean effective pressure is
constant with respect to engine speed, being approximately
72 pounds per square inch. This fact leads to the con-
clusion that the maximum quantity of fresh air available
per stroke for combustion must be constant witk respect to
engine speed and therefore that the scavenging efficiency
mus¢ also be comnstant., It is evident from the curves thatb,
at high speeds, a large quantity of Ffuel per stroke isg
necessary to. consume all the air. This condition results,
bossibly, from the shorter period of time available for
mixing of the fuel and the air at high speeds. -
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Egtimate of possible maximum output _on compression-
ignition operation.~ Figure 26 is a light-spring pressure-
crank—angle indicator diagram taken under firing condi-
tions for the purpose of determining the prsssure in the
cylinder at the instant the exhaust ports close. A knowl-
edge of the magnitude of the vpressure and the temperature
at thig point allows a calculation to be made of the actu-
al quantity of charge (burned products plus fresh charge )
contained in the cylinder. Multiplication of this total
quantity by scavenging and combustion efficiency factors
gives a net quantity of air available for combustion,

The fuel rate necessary to consume this availabdble air at
the chemically correct fuelwair ratio lg then easily cal=-
culated; and a value of the estimated power may be ob~
tained from this fuel rate, the heatlng value of the fuel,
and the cyclic thermal efficiency. A calculation of this
egstimated power follews.,

From the card of filgure 26 compression of the air be-~
gins at atmospheric presssure and approxinately 3° before
the closing of the exhausgt ports. The cylinder volume at
3° before exhaust cloging is: '

95.5 x 2215 | 5.5 - 71.5 cu. in.

6,00

Pigton digplacement in cublec inches: 95.5.

Total stroke less that portion of the stroke lncluded
between the bottom center position of the piston and that
position of the piston at tho beginning of compression
from atmospheric pressure: 4.15 inches.

Clearance volume in cubic incheg: 5.5.

Actual weight of fresh air in the cylinder at stand-
ard conditions (760 mm Eg and 32° F.):

(9]

%%% X 0.0809 X 0.85 = 0,00215 pound.

2

X

-3

1
7

[00]

32° F., = 492° Rankine.

Agsumed charge temperature at close of exhausgt ports
degrees Bankinet: 850,

Specific welight of air at standard conditions: 0.0809.
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Assumed ratio of actual to maximum scavenging effi-
ciency: 0.85.

Welight of fuel per stroke necessary %o consume all
the fresh gir: 0.067 x 0.00215 = 0.000144 pound. '

Ratio of fuel to air by weight for complete combus-—
tion: 0,067, :

Probable maximum horsepower = 0.000144 x 1,800 X 60 X
ors
Ol85 X . = = - .
0.40 X 18,500 X 5Ba5 38.5 horsepower -

Engine speed: 1,800 r.p.m.

Ratio of maximum useful to the chemically correct
fuel-alr ratio: 0.85.

Indicated thermal efficiency: 0.40.
B.t.u. per pound of fuel: 18,500.
B.t.u. per horsepower per hour: 2,545b.

The maximum horsepower obtained under dlesel cpera-
tion was 31l. It is believed that with improvement in com-

bustion~chamber design the output may be increased to ap-

proximately 40 horsepower.

Figure 27 1s a light—spring indicator diagram taken
under exactly similar engine conditions as the card of
figure 26 except for exhaust port timing. The card of
figure 26, corresponding to an exhaust-port closing at 760
A.B.C., shows no appreciable supercharging at the close of

the ports. With the exhaust-port closing occurring some-—

what earlier, as was the case with the card of figure 27

(exhaust closed at 70° A.B.C.), the effect of slight super-

charging is evident, amounting to approximetely 2 pounds
Per sguare inch.: As wes previously pointed out, although

this exhaust-port timing resulted in a little supercharging,

the gross power output was less than while running at 76°
A.B.C. exhaust closing.
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CONCLUSIONS

Spark-~Ignition Operation

1. Inlét~Port Arrangements:

In general, it was found that the most succegsful
inlet—~vort arrangements from considerationg of high scav—
enging efficiency .and power nutput were those having low
air-entry angles in the number 1, 2, and 3 ports and high
air~entry angles 1in the number 4 ports. (See fig. 15.)

The best port arrangement tried was one having 0° inserts
with the top sections removed in the number 1, 2, asnd 3
ports and 60° inserts in the number 4 ports (E arrangoment ).

In view of the fact that modifications of the E inlet~
port arrangement showed nc improvement in scavenging, 1t
was felt that further imprevement would be possible only
through a visuwal study of the flow conditionsg in a special
flow chamber.

2. Inlet and Bxhaust Port Tinmings:

Although there was only a slight change in either the
gross or the net output with variations in the inlet port
timing between 45° and 65° from bottom center, the optimum
inlet-port timing for port arrangement D, was found to be
avproximately 52° from bottom center.

Varying the exhausgt-port timing from #4° to 60° from
bottom center resulted in an increase in both the gross
brake mean effective and the scavenge pressures, causing
the net brake mean effective pressure to increase slightly.

3. The Effect of Combustion-Chamber and of Piston~Head-
Shape on the Scavenhging Efficiency:

Within the limits investigated, the combustion chamber
shave had no effect on the scavenging efficilency.

An improvemént in the sgcavenging efficiency of approxi-
mately 3 percent was realized Dby sudbstituting the round-top
for the flat—-top piston.
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4, Bngine Speed:

With the scavenge ratio held constant, the mean effec-
tive pressure, and hence the scavenging efficiency, varied
lrregularly with engine speed. This result is probadly
due to changes in the scavenging flow pattern with engine
SDE€ed,

[ro]

5. Performance:

The results show that when operating on illuminating
gas ag a fuel, a net braoke mean effective pressure of at
least 80 pounds per square inch at 12 inches of Hg and at
1,800 r.p.m. can be expected with thisg type of engine.
This value is equivalent to 95 pounds per square inch mean
effectlve pressuroc when operating on gasoline. ' o -

Compression-Ignition Operation

1. The gross brake mean effective pressures at high
loads increases with the quantity of scavenging air. How
much of this increase in output is due to more efficilent
scavenging and how much to better mixing of the fuel and
alr is not certain. The fact that the minimum points of
the specific fuel-congumption curves occur at very low
fuel~air ratios indicates, howsver, .that there is relative-
ly poor mixing of the fuel and the air.  There is, there-
fore, opportunity for considerable lmprovement in spray
distribution or combusticn~chamber shape. In spite of
this fact, however, it was usually possible to obtain a
brake specific fuel consumption of less than 0.5 at 60 per-—
cent of maximum vpower.

2. The maximum gross brake mean effective pressure
remained constant over a range of speeds froem 1,200 to
2,000 r.p.m, at a constant scavenge ratioc of 1l.4. The ~
fuelw«air ratio necessary to obtair the maximum mean effec-
tive pressure increased with engine speed. These two
facts would seem to indicate a nearly ccnstant quantity
of fresh alr per stroke but poorer mixing of fuel and air
at the higher speeds,

3. The exhaust opening for best power wasg sarlier
(I11°) than for spark-ignition operation.

Y¥assachusetts Institute of Technology,
Cambridge, Mass,, May 1938.
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Figure 3.- Cylinder sleeves.
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Figure 5(a) - Inlet ports.
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Figure 10.- Cylinder-heads (a, compression
ignition, b, spark ignition).
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Figure 12.- Engine set-up for Diesel operation.
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Figure 15.-~ Inlet-port numbering scheme.
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